This paper describes a numerical study of a coupling-based turn-distribution approach to achieving good transmission performance in near field magnetic inductive links using low Q-factor coil antennas. Coil antenna turns are distributed to match an upper reference coupling level, leading to a stronger axial H-field, with a low margin of Q-factor increment from a baseline minimum. Numerical results demonstrate improved transmission efficiency performance relative to a minimal Q-factor coil antenna when the modified antenna is employed in a symmetric bi-directional inductive link. This approach to increasing transmission efficiency indicates prospects for extending the utility of low Q-factor HF-RFID interrogator antennas to include wireless power delivery applications.
short since inductive systems are quite inefficient when the operating range is greater than the characteristic sizes of the coupled antennas [1, 2] .
An intuitive approach to enhancing the operational range of a magnetic induction link would be to minimize losses within the coil antenna structure, through high Q-factor designs. However, this is inimical to meeting bandwidth requirements for reliable data transfers, as a consequence of the inverse relationship between Q-factor and bandwidth. Hence, HF-RFID/NFC links usually do not place a premium on high Q-factor coil antennas. In particular [3, 4] , suggest the use of single-turn structures as interrogator coil antennas in HF-RFID systems in order to realize the lowest possible unloaded Q-factors, and hence the best bandwidth performance. This, however, limits the strength of the interrogator H-field, leading to even shorter operational ranges.
Distribution of coil antenna turns has been studied to increase the operating range of HF-RFID interrogators through H-field enhancement without compromise to minimal unloaded Q-factor levels [5, 6] . However, minimal unloaded Q-factors may inhibit link performance if these same coil antennas are required in symmetric bi-directional inductive coupling links, as could occur in power-focused non-data-centric peerto-peer use-cases. The associated circuitries at paired terminals present additional loading effects, resulting in further reduction of Q-factors, increased losses, and hence decreased efficiency. Consequently, it is necessary to investigate geometric approaches to realizing low Q-factor coil antennas, while still achieving appreciable levels of energy transmission efficiency in symmetric bi-directional links.
This paper presents a numerical study of a couplingbased approach to achieving good transmission performance with low Q-factor coil antennas employed in symmetric bi-directional links. In the proposed approach described in Section 2, the turns of a coupled pair of planar square multi-turn coil antennas are spaced to reduce their Q-factor levels, while matching the coupling level that can be achieved using a coupled pair of conventional coil antennas of the same number of turns. Numerical results in Section 3 show that it is possible for a spaced multi-turn coil antenna to achieve a reduced Q-factor level and stronger magnetic field compared to the conventional multi-turn design. In addition, the achieved coupling performance allows the realization of better transmission efficiencies relative to a minimal Q-factor single-turn design. The paper is concluded in Section 4.
COIL ANTENNA DESIGN METHODOLOGY
The potential for a greater interrogation range in an HF-RFID link is evident in the ability of the interrogator antenna to excite a stronger voltage in a tag coil. The induced voltage is modelled by Faraday's law:
For a tag coil antenna with a predetermined number of turns NRX, and a predetermined area ARX, this induced voltage can be augmented by increasing the magnetic field strength H from the interrogator coil antenna, where μ0 is the vacuum permeability. Biot-Savart's law from classical magnetostatics allows the derivation of the H-field at a point z along the z-axis of an N-turn interrogator coil antenna in the x-y plane as (see Appendix):
where the current I flows through the planar square interrogator coil antenna, whose sides have a length l.
With fixed current levels and antenna dimensions, H increases with the number of turns N. If this same coil antenna is used in a bi-directional inductive coupling link, the magnetic flux at the receive coil antenna as a consequence of the transmit coil H-field HRX is given by
In this bi-directional link, the mutual inductance that develops between the transmit and receive coil antennas is given by the relation
Also, the coupling between the transmit and receive coil antennas can be expressed as a coupling coefficient:
where LTx and LRx are the external inductances of the transmit and receive coil antennas respectively. Meanwhile, the unloaded Q-factors of these antennas can be derived as
where RTx,Rx refer to their respective resistances at the desired operating frequency ω. In a symmetric bidirectional inductive coupling link, the coupled coil antennas will be similar, hence, LTx = LRx and RTx = RRx. Equation (5) shows that the coupling level between multi-turn symmetric coil antennas can be enhanced by reducing the inductances of the antennas. Similarly, equation (6) reveals these reduced inductances lead to lower unloaded Q-factor levels for the multi-turn coil antennas. 
where the antenna fill factor  and average sidelength lavg are defined as
For uniform turn spacing s and width w, the length of the i-th turn li can be derived from the length of the innermost turn lin as
so that the length of the outermost turn out N ll  . The mutual inductances existing between the i-th and j-th turns on the planar square coil antenna can be modelled as:
  E  represent the complete elliptical integrals of the first and second kind 8 . Consequently the total inductance of the coil antenna is
Assuming the antenna conductor material is copper with resistivity  , its resistance at  can be approximated as
t is the thickness of the conductor trace, while is the total length of the conductor trace, given by
Thus, antenna inductance and resistance depend on the individual lengths of turns, and the total length of the conductor trace. These lengths can be altered by varying the spacing s between turns, if turn widths w are constant. By implication, the coupling coefficient and Q-factors, defined in equations (5) and (6) respectively, are functions of s. The analysis also suggests the possibility of achieving stronger H-fields by increasing the number of turns, while realizing desired coupling levels for symmetric links with reduced Qfactors by manipulating s. Hence, the design problem becomes : ( The layout of the modified antenna is realized by a proposed algorithmic solution to equation (13), shown in Table I . The algorithm initializes with the length of the first turn 
RESULTS AND DISCUSSION
The algorithm in Table 1 was implemented in MATLAB to derive turn-lengths for 3-, 4-and 5-turn instances. These derived dimensions are listed in Table 2 , and illustrated in Figure 7 for a distributed-turn design. The turn layouts listed in Table 2 were then modelled in CST Microwave Studio for full-wave electromagnetic (EM) simulations of axial H-field magnitudes (Figures 1 -3) , Q-factors (Figure 4 ), reflection coefficients (|s11|) ( Figure 5 ), and transmission efficiencies (Figure 6 ), using 50 Ω port excitations. Transmission efficiency performance was obtained by S-parameter simulations of symmetric bi-directional inductive links.
As is evident in Figures 1 and 2 , with 3 and 4 turns, the peripheral-turns design excites stronger axial Hfields than the distributed-turns design. Figure 3 , however, shows that with 5 turns, the distributed turn design excites a stronger axial H-field than the conventional peripheral-turns and single-turn designs, and therefore has a potential for greater operational range when used as an interrogator. Figure 4 , however, shows a trade-off with respect to the Q-factor of the distributed 5-turn design. Although there is a reduction in Q-factor of the distributed 5-turns design compared to the peripheral 5-turns design, the H-field enhancement in the distributed turn design has been achieved with a higher Q-factor than the single-turn coil antenna. This higher Q-factor leads to a constriction in the impedance bandwidth of the distributed turns antenna when compared to the single turn design, as shown in Figure 5 . The peripheral turns design possesses the smallest impedance bandwidth potential, due to its high Q-factor level. This Q-factor margin, however, becomes beneficial to mitigating the performance degradation due to external loading effects when the same antenna is employed in a symmetric bi-directional inductive coupling link, as shown in Figure 6 .
A comparison of Figures 5 and 6 reveals the need for a compromise in the unloaded Q-factor levels of the coil antennas if they are to perform acceptably in both HF-RFID links and bi-directional inductive coupling links. While reduced Q-factor is beneficial to enhanced bandwidth characteristics for HF-RFID coil antennas, as shown in Figure 5 , Figure 6 shows that this leads to poor transmission performance in bidirectional links. The single turn coil achieves a transmission efficiency of 58%, as compared to 79% achieved by the 5-turn peripheral turns design. A compromise between these two conflicting requirements has been achieved by the couplingbased approach to distributing the turns of coil antenna, which has achieved a transmission efficiency of 74%. 
CONCLUSION
This paper has presented a numerical study of a coupling-based approach to distributing the turns of planar square coil antennas to enable a dual utility as HF-RFID interrogators and as symmetric bi-directional inductive link terminals. The coupling-based enhancement is used to define the turn-layout of a multi-turn coil antenna to enable the strengthening of the axial H-field for increased HF-RFID interrogator range at less cost of increased Q-factor. As shown by numerical simulations, the achieved Q-factor margin enables enhanced transmission efficiency relative to a minimal Q-factor design when the coil antenna is employed in a symmetric bi-directional inductive coupling link.
